tion [11] [12] [13] . Yet, there exists a problem in putting liposomes to practical use that no efficient preparation method has been established. In particular, the use of organic solvents is undesirable in the preparation of liposomes to be used for medicines considering the unacceptable effects of the solvents on the human body and environment. Although various liposome preparation methods including the Bangham method 14) , organic solvent injection method 15, 16) , reverse phase evaporation method 17) , and freeze/thaw method 18) have been proposed, almost all of these methods need the use of organic solvent in a large amount and fail to yield liposomes having a large inner aqueous phase without using organic solvent 19) . The freeze/thaw method has been proposed as the only method to allow the organic solventfree preparation of liposomes with a large inner aqueous phase 18) , but this method requires repeats of freezing and thawing, and hence, consumes a lot of energy and time. Hence, the development is demanded of the organic solvent-free preparation method of liposomes with a high trapping efficiency, when liposomes are to be used in the fields of medicines and cosmetics 20) . In these circumstances, we have paid attention to the characteristics of supercritical fluids; that is, minute changes in temperature and pressure cause an appreciable change in the solubility of substances in the liquid, and the transfer rates of mass and heat are high in it since the fluid is weakly viscous and highly diffusible [21] [22] [23] [24] [25] [26] . In particular, supercritical carbon dioxide (scCO 2 ) attracts attention as an environment-friendly substitute solvent around normal temperature [32] [33] [34] , because its critical temperature and pressure are 31.1 and 73.8 bar 27) , respectively, and its properties as solvent are similar to those of nonpolar solvents such as hexane [28] [29] [30] [31] . We have so far developed the supercritical reverse phase evaporation method (scCO 2 RPE method) 35) , a new method for liposome preparation. With the aid of this new method, we have succeeded in preparing liposomes with a significantly high trapping efficiency for water-soluble drugs with ease and in one step without using toxic organic solvent [36] [37] [38] [39] . Meanwhile, various kinds of phospholipids with different chemical structures are found in the natural world [40] [41] [42] and the effects are still unknown of the chemical structure of hydrophobic groups of these phospholipids on the formation and properties of liposomes prepared by the scCO 2 RPE method.
The present work aims to prepare liposomes by the scCO 2 RPE method using various phospholipids with different hydrophobic groups, investigate the effects of the number of unsaturated bonds and alkyl chain length on the liposomal membrane properties, and find the molecular structure of phospholipid most favorable to liposome preparation.
EXPERIMENTAL

1
The saturated phospholipids used were L-a-dilauroylphosphatidylcholine (DLPC, C12:0, 99%), L-adimyristoylphosphatidylcholine (DMPC, C14:0, 99%), La-dipalmitoylphosphatidylcholine (DPPC, C16:0, 99.6%), and L-a-distearoyl phosphatidylcholine (DSPC, C18:0, 99.6%). The complex phospholipid used was 1-palmitoyl-2-oleoylphosphatidylcholine (POPC, C16:0-C18:1, 99.6%). In addition, L-a-dioleoylphosphatidylcholine (DOPC, C18:1, 99.1%) and L-a-dielucoylphosphatidylcholine (DEPC, C22:1, 99.5%) were used as the unsaturated phospholipids. All of these lipid samples were obtained from NOF Corp. Distilled water for injection (Ohtsuka Pharm. K.K.) was used as the solvent. The water-soluble substance to be trapped in liposomes was D(+)-glucose (purity 98.0%, Wako Pure Chemicals, K.K.).
2
shows schematically the apparatus for liposome preparation used in this work. The apparatus consists of a pressure variable-type view cell, heater, electronic thermoregulator, pressure gauge, CO 2 screw pump, magnetic stirrer, liquid chromatography (LC) pump, and electronic balance. The inner volume and limiting pressure tightness are 50 cm 3 and 300 bar, respectively. Given amounts of phospholipid (0.3 wt% to carbon dioxide) and ethanol (7.0 wt%) were sealed into the front part of the cell, into which CO 2 (11.87 g) was introduced. The temperature and pressure of the cell were raised to 60 and 91.7 bar, respectively. CO 2 was then introduced into the back part of the cell and the front part was pressurized by pushing forward the piston to bring the pressure of the content to 200 bar suitable for liposome preparation. A glucose solution to be trapped in liposomes was forcibly introduced into the cell using the pump for LC (0.10 mL/min) and the cell content was thoroughly stirred. A uniform liposome suspension was obtained in the cell by removing CO 2 from the cell after a given amount of water was introduced in it. The stirring of the cell content was done with the magnetic stirrer.
3
The trapping efficiency for water-soluble substance is given by the following equation:
Trapping efficiency (%) = (Amount of glucose trapped in liposomes) (Total amount of glucose in the system) 100
Trapping efficiency measurements were performed by the glucose dialysis method. A liposome dispersion was placed in a semipermeable membrane bag (Viskase Co. Inc) and glucose untrapped in liposomes was removed by dialysis at 5 . Ethanol was added to the liposome solution after dialysis to disrupt liposomes. The amount of glucose released from liposomes was determined by the mutarotase GOD method 43, 44) .
4
Bimolecular lipid membranes are highly permeable to water while they are impermeable to ions and neutral low molecular weight solutes such as urea 45) . Liposomes exhibit osmotic response through their shrinkage or dilation to quickly compensate the difference created in solute concentration between the inside and outside of the bimolecular membrane. Since poorly osmotically responsive liposomes hardly keep their closed vesicular structure and collapse, the osmotic response is an important index for evaluating the drug release behavior and stability of liposomes. Volume change with time of liposomes caused by their osmotic response is given by the following equation:
where dV/dt is the rate of volume change with time, K w the permeability coefficient to water, S the area occupied by bimolecular membrane, R the gas constant, T the absolute temperature, c i i and c i o are the concentrations of membrane-impenetrable solute in the inner and outer aqueous phases of liposomes, respectively. When an osmotic shock is given by adding a hypertonic solution into the outer aqueous phase of liposomes, the movement of water occurs from the inner aqueous phase to the outer aqueous phase to produce a shrinkage of liposomes. This shrinking behavior of liposomes can be pursued and estimated by measuring changes with time in the absorbance of liposome dispersion. Thus, when a hypertonic solution is added to liposome solution, the absorbance increases with time and then levels off. Since the absorbance immediately after osmotic shock changes linearly with the volume of liposomes, the following equation holds.
where d(1/A)/dt% is the shrinkage rate immediately after osmotic shock and calculated from (DA t /Dt)(100A 0 ), the limiting shrinkage rate 47) . A 1 mM liposme dispersion obtained by diluting the prepared 10 mM dispersion was used for osmotic response measurements. The measurement was started when 0.1 mL of 2M glucose solution was added to 10 mL of the 1 mM liposome dispersion after the temperature attained a constant value (37 ) . Turbidity changes were pursued by measuring the absorbance of the dispersion at a wavelength of 450 nm.
5
Freeze-replicas of liposomes were prepared using a freeze-replica preparing apparatus (FR-7000A, Hitachi Science System, K.K.).
A liposome dispersion was rapidly frozen in liquid propane and the frozen dispersion was cleaved in the vacuum apparatus at 150 . Platinum was evaporated on the cleaved section at 45˚ to shade its fine structure unevenly. Carbon was then evaporated on the platinum-evaporated section at 90˚ to reinforce the unevenly evaporated metal film and make its replica. The replica thus prepared was transferred onto a copper grid after being washed and used as the specimen for TEM observations with a transmission electron microscope (JEM-1200EX, JEOL) at an acceleration voltage of 80 kV.
RESULTS AND DISCUSSION
1
shows the trapping efficiencies of liposomes prepared by the conventional Bangham method using saturated phospholipids. Even though the trapping efficiency increased with increasing phospholipid concentration, the maximum efficiency was low and stayed at about 6%. The efficiency depended on the alkyl chain length of phospholipid molecule following the order: DSPC (C18:0) DPPC (C16:0) DMPC (C14:0) DLPC (C12:0). In particular, the efficiency of DLPC was practically zero. It is known that only phospholipid molecules with alkyl chain longer than C 10 can form liposomes. The reason for the finding that DLPC liposomes have no trapping ability while the lipid can form liposomes would be due to their lack of the ability as barrier to prevent solute release into the outer phase 48) . The trapping efficiency of DSPC liposomes was high compared with that of DPPC liposomes. DSPC can form larger liposomes than DPPC, since the former has a larger critical packing parameter (CPP) than the latter 49) . The higher trapping efficiency for DSPC would reflect the above situation.
shows the trapping efficiencies of liposomes prepared by the conventional Bangham method using DOPC (C18:1), DEPC (C22:1), and POPC (C16:0-C18:1), all of them being unsaturated phospholipids. Note here that no trapping efficiency value has been reported for POPC liposomes. The trapping efficiencies obtained for the liposomes were in the order: DOPC (C18:1) POPC (C16:0-C18:1) DEPC (C22:1). The trapping efficiencies of liposomes formed by DOPC and POPC were found to be appreciably higher than those of liposomes formed by DPPC and DSPC. This difference would arise from the difference in the molecular packing in bimolecular liposomal membrane between the saturated and unsaturated phospholipids. Bimolecular membranes for DOPC and POPC are in L a phase (liquid crystal phase) at 5 , a dialysis condition in trapping efficiency measurement, while the membranes for DPPC and DSPC are in L b' phase (gel phase) 50) . It is also known that the size and volume of liposomes in L a phase are larger than those in L b' phase 51) . Hence, the trapping efficiencies for liposomes formed by unsaturated phospholipids become higher than those for liposomes formed by the corresponding saturated phospholipids. In contrast, the trapping efficiency of DOPC liposomes is higher than that of DEPC liposomes, the former unsaturated lipid having shorter alkyl chains than the latter. When a comparison is made in terms of CPP, the trapping efficiency is expected to be larger for DEPC liposomes than for DOPC liposome, which is contrary to the experimental results. If, instead, a comparison is made in terms of phase transition temperature, the trapping efficiency is expected to be higher for DOPC liposomes than for DEPC liposmes, because the transition temperature of the former lipid membrane is 22 while that of the latter is 13 , indicating that the former is in a liquid crystal phase while the latter is in a gel phase at the dialysis temperature. This would be the reason for the higher trapping efficiency of DOPC lipo-
Fig. 2 Trapping Efficiency of Liposomes Prepared by
Bangham Method Using Various Phospholipids with Saturated Alkyl Chains. 3.2.1 Liposomes prepared using saturated phospholipids shows the trapping efficiencies for saturated phospholipid liposomes. The trapping efficiency for liposomes prepared by the scCO 2 RPE method was remarkably higher than that for those prepared by the Bangham method. The size and number of bimolecular layers of liposomes affect most their trapping efficiency among various factors 52) . The trapping efficiency for vesicles prepared using the same phospholipid concentration is known to increase depending on the number of lamellae in the order: small unilamellar vesicle (SUV) multilamellar vesicle (MLV) large unilamellar vesicle (LUV) and the efficiency of SUV is extremely smaller than that of LUV 52) . Because the scCO 2 RPE method yields unilamellar liposomes with a large inner aqueous phase 35) , their trapping efficiency is markedly higher than that of liposomes prepared by the Bangham method.
The trapping efficiency of liposomes prepared by the scCO 2 RPE method was found to depend on the alkyl chain length of phospholipid. Thus, the trapping efficiency was in the order: DPPC (C16:0) DSPC (C18:0) DMPC (C14:0) DLPC (C12:0), indicating a general trend that the efficiency increases with increasing alkyl chain length of phospholipid. Yet, a comparison of DPPC with DSPC showed an efficiency higher for DPPC liposomes than for DPPC liposomes, in contrast to the order for liposomes prepared by the Bangham method. As mentioned before, the liposome preparation by the scCO 2 RPE method was performed at 60 and the phase state of phospholipid greatly affects liposome formation. The temperature at which DPPC undergoes the phase transition from gel to liquid crystal is 41 , while DSPC changes its phase from gel to liquid crystal at 58 , suggesting an incomplete phase transition for the latter at the temperature of liposome preparation, thereby making the formation of phospholipid bimolecular membrane inefficient at the supercritical CO 2 /water interface. This would be the reason why the trapping efficiency for DSPC liposomes was lower than that for DPPC liposomes.
Liposomes formed from unsaturated phospholipids
Liposomes were prepared by the scCO 2 RPE method using unsaturated phospholipids and their trapping efficiency was examined, and the results are shown in . The scCO 2 RPE method greatly improved the trapping efficiency as is clear from the comparison of the above results with the data for liposomes prepared by the Bangham method given in . In particular, liposomes prepared using DOPC exhibited an extremely high trapping efficiency giving the maximum value of about 40%. This would indicate that the scCO 2 RPE method yields unilamellar liposomes as in the case of liposomes prepared using saturated phospholipids. Moreover, since DOPC undergoes the phase transition at 22 51) and stays in the liquid crystal phase at the temperature during dialysis, the volume per molecule of the lipid is large to make the trapping efficiency of liposomes high.
The following order of trapping efficiency was found for liposomes prepared using DPPC, DSPC, DOPC, and POPC, all of which have alkyl groups of similar lengths: DOPC POPC DPPC DSPC. Thus, the trapping efficiency for
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J. Oleo Sci. 57, (11) 613-621 (2008) POPC liposomes was intermediate between those for DOPC and DPPC liposomes. The molecular structure of POPC with an unsaturated alkyl chain is also intermediate between those of DOPC and DPPC. That is, a trend is found that the larger the number of unsaturated alkyl groups in phospholipid molecule is, the higher is the trapping efficiency of liposomes prepared using the lipid. Unsaturated alkyl groups make the packing of phospholipid molecules in liposomal bimolecular membrane loose and they bend at the position of double bond to take an open structure, thereby raising the value of CPP and the trapping efficiency through formation of large liposomes.
3
Osmotic response measurements were performed to evaluate the effect of the alkyl group of phospholipid molecule on the molecular packing in liposomal bimolecular membrane. The measurements were carried out at 20 .
shows the relation between the shrinkage rate of liposomes caused by osmotic shock and the molecular structure of phospholipid. With regard to saturated phospholipids, the osmotic response was lower for the lipid with longer alkyl groups, suggesting its closer molecular packing in the bimolecular membrane. Also, liposomes prepared by the scCO 2 RPE method were found to osmotically respond much more strongly than those prepared by the Bangham method. Osmotic response of liposomes was greatly dependent on their particle size and the number of lamellae and the following order was found for liposomes formed from the same phospholipid: SUV LUV MLV 53) . Namely, liposomes with a larger radius of curvature and unilamellar structure tend to osmotically respond to a greater extent [54] [55] [56] . This would reflect the difference in the membrane permeability to water in the inner aqueous phase due to the difference in membrane structure of liposomes prepared by different methods.
The osmotic response for liposomes prepared by the scCO 2 RPE method was also stronger than that for those prepared by the Bangham method when unsaturated phospholipids were used. With respect to POPC, DOPC, and DEPC, the lipid with a larger number of unsaturated alkyl groups or that with a shorter unsaturated alkyl group showed a stronger osmotic response.
4
TEM observations were conducted to verify the relationship between the membrane structure and trapping efficiency of liposomes.
shows typical TEM images of liposomes prepared using various saturated phospholipids.
is a TEM image of DPPC liposomes prepared by the Bangham method, indicating a multilamellar structure as evidenced by the presence of several steps. Multilamellar liposomes with diameters of about 1000 nm were observed independent of the alkyl chain length of phospholipid when they were prepared by the Bangham method. In contrast, the scCO 2 RPE method yielded liposomes with diameters of 150-600 nm for DLPC ) and DSPC ( ) liposomes. No step-like structure was observed in these TEM images, showing the formation of unilamellar liposomes with a large inner aqueous phase. That is, the high trapping efficiency of liposomes prepared by the scCO 2 RPE method was verified by the formation of large unilamellar liposomes.
shows typical TEM images of liposomes prepared by the scCO 2 RPE method using unsaturated phospholipids. The Bangham method yielded multilamellar liposomes with diameters of about 1000 nm ( ) as in the above case where saturated phospholipids were used, while the scCO 2 RPE method gave much more unilamellar liposomes with smaller sizes compared with the case of saturated phospholipids.
Concerning the difference between saturated DPPC and DSPC and unsaturated POPC and DOPC, all with a similar length of alkyl group, POPC ( ) and DOPC ( ) liposomes prepared by the scCO 2 RPE method were found in a number predominantly larger than that for DPPC and DSPC liposomes in TEM images. This demonstrates that the scCO 2 RPE method allows to form a large number of small unilamellar liposomes when phospholipids with a high CPP are used, showing a high trapping efficiency and osmotic response.
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CONCLUSIONS
Liposomes were prepared by the supercritical reverse phase evaporation (scCO 2 RPE) method using various phospholipids, and the effects were examined of the lipid structure on the membrane properties of liposomes obtained. The membrane properties were found to strongly depend on the number and chain length of unsaturated alkyl groups in phospholipid molecule. The optimum alkyl chain length was C 16 or C 18 because if the chain length was shorter or longer, the liposome hardly retained water-soluble substances or the osmotic response of liposomal membrane lowered. Liposomes prepared using phospholipids with two unsaturated alkyl groups exhibited an extremely high trapping efficiency and osmotic response. The scCO 2 RPE method was thus found to yield unilamellar liposomes efficiently. 
